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SYSTEMS, APPARATUS, AND METHODS
FOR ROBOT SWARM COORDINATION

FIELD OF THE DISCLOSURE

[0001] This disclosure relates generally to robots, and,
more particularly, to systems, apparatus, and methods for
robot swarm coordination.

BACKGROUND

[0002] Current swarm robotics utilize a plurality of indi-
vidual devices to create a swarm. The devices tend to be
simple, inexpensive, and homogenous and typically have
limited operating resources.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] FIG. 1 is a schematic illustration of an example
environment with cross-swarm communication including a
plurality of example swarms with a plurality of example bots
in accordance with teachings of this disclosure.

[0004] FIG. 2 is a diagram of an example swarm coordi-
nation schedule.

[0005] FIG. 3 is a block diagram of an example imple-
mentation of an example bot of FIG. 1.

[0006] FIG. 4 is a schematic illustration of an example
planning phase of the example swarm coordination sched-
ule.

[0007] FIG. 5 is a diagram of an example tag identification
list.
[0008] FIG. 6 is a schematic illustration of an example

decision phase of the example swarm coordination schedule.
[0009] FIGS. 7A-7F are schematic illustrations of an
example operation phase of the example swarm coordination
schedule.

[0010] FIG. 8 is a schematic illustration of an example free
slot of the example swarm coordination schedule.

[0011] FIGS. 9A-D is a flow chart representative of
example machine readable instructions that may be executed
by one or more processors to implement the example bots of
FIGS. 1, 3, 4, 6, 7TA-F, and 8.

[0012] FIGS. 10A-D is an example time line of an
example operation of the example bots of FIGS. 1, 3, 4, 6,
7A-F, and 8 and the example instructions of FIGS. 9A-D.

[0013] FIG. 11 is a diagram of another example operation
phase of an example schedule.

[0014] FIG. 12 is a diagram of yet another example
operation phase of an example schedule.

[0015] FIG. 13 is a block diagram of an example processor
platform structured to execute the example machine read-
able instructions of FIGS. 9A-D to implement the example
bot of FIGS. 1, 3, 4, 6, 7A-F, and 8.

[0016] The figures are not to scale. In general, the same
reference numbers will be used throughout the drawing(s)
and accompanying written description to refer to the same or
like parts.

DETAILED DESCRIPTION

[0017] Disclosed herein are advancements to swarm
robotics. An example swarm disclosed herein includes a
plurality of individual autonomous devices including, for
example, robots, drones, other unmanned aerial vehicles
(UAVs), machines, bots, etc. Throughout this disclosure the
term “bot” refers to any type of machine or device, real or
virtual, that can form a swarm. Thus, a bot can be any or all
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of a robot, a drone, a UAV, a machine, etc. Also, a bot may
be referred to herein as a tag, an anchor, a mirror, or a node.
[0018] Communication of a bot within a swarm tends to be
with other bots that are nearby and usually not directly back
(or through) to a central computer. However, in some
examples, data from bots can be passed back to a central
computer such as, for example, by being passed across a
daisy chain of neighboring bots to a network access point.
Nonetheless, typical swarms of robots lack central coordi-
nation. Swarm robotics is characterized by emergent behav-
iors or emergent properties from the plurality of bots. An
emergent behavior is a behavior of a larger entity or popu-
lation (e.g., a swarm) arising or emerging through interac-
tions of component parts or individuals in the population
(e.g., a plurality of bots). The larger entity exhibits behavior
(s) and/or propert(ies) the individuals do not exhibit. In
nature, bee hives, flocks of birds, and schools of fish exhibit
emergent behavior. In the context of bots, the emergent
behaviors are at least partially the result of the members of
the swarm acting independently, individual bots changing
instructions and/or behavior based on information received
from one or more neighboring bots, and/or individual bots
changing instructions and/or behavior based on behavior of
one or more neighboring bots. Also, in some examples, the
swarm of robots can be homogenous (i.e., identical or
near-identical robots) or heterogenous (i.e., non-identical
robots).

[0019] A swarm of robots increases the effectiveness of
accomplishing a task compared to a single bot because a
swarm of robots can solve complex problems beyond the
scope of a single robot. A swarm of robots can also operate
autonomously in environments that are dangerous and/or
hazardous and places where human intervention is challeng-
ing or not possible (e.g., disaster sites such as areas affected
by an earthquake, areas affected by radioactive contamina-
tion, areas affected by poisonous gases, firefighting environ-
ments, operations in underground mines, etc.).

[0020] Another advantage of swarm robotics is that the
bots are cheaper and more easily scaled up than a single and
expensive robot. In addition, swarm robots are fault tolerant
and generally more flexible in terms of what tasks can be
accomplished than a single robot.

[0021] There are many applications for swarms including,
for example, search and rescue, mapping, ranging, surveil-
lance, delivery, and inspection. In a search and rescue
example, the bots of the swarm have instructions and shares
information with a neighbor bot about whether a given area
has been searched and whether a target was discovered.
Based on data passed across neighboring bots, the search
instructions for one or more of the individual bots may be
altered. Thus, the bot influences the behavior of one or more
adjacent bots. Collectively, these individual influences cause
the overall behavior of the swarm to change, for example, to
move to a new search area and/or better cover an existing
search area. The swarm also can be scaled up simply by
adding additional bots to, for example, widen a search area
and/or increase the granularity of the current search within
the search area.

[0022] Swarms may also be used to perform surveillance.
In a surveillance scenario, there may be multiple swarm
networks patrolling an area. In addition, swarms may be
used for precision farming. For example, swarms can be
used to search for, detect, and/or destroy insects and/or
invasive plants.
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[0023] Challenges with swarms include the need to coor-
dinate amongst the swarm. For the swarm to reliably operate
and effectively accomplish the desired task of the swarm, the
individual bots need to have real-time and robust coordina-
tion. Further, having energy efficiency built into this co-
ordination aids in prolonged operation of the bots. These
concerns apply to ground based and aerial swarms. Known
swarms lack the ability to coordinate the individual bots in
the swarm effectively and reliably. In other words, because
there is decentralized control, individual bots in a swarm
base their operations on local observations of the environ-
ment and information from neighboring bots. Thus, the
resulting emergent behavior that arises from a given swarm
is highly variable and lacks coordination for effectively and
collectively performing a task such as, for example, a task to
be completed via swarm activity that an individual bot
cannot accomplish. Prior attempts at swarm coordination
were based on steps for accomplishing specific missions of
particular task to be performed by the swarm. Thus, coor-
dination efforts had to be reconfigured for different tasks.
[0024] Examples disclosed herein provide for a generic
swarm coordination that can be implemented as an intra-
swarm coordination (i.e., coordination amongst two or more
bots in a swarm) and/or an inter-swarm coordination (i.e.,
coordination between or amongst two or more bots in a
plurality of swarms). Moreover, examples disclosed are
agnostic to communication protocols and bot types. For
example, the bots coordinated in the swarm may be homog-
enous or heterogenous. Furthermore, a first bot may use a
first communication protocol and a second bot may use a
second communication that is different from the first com-
munication protocol.

[0025] FIG. 1 is a schematic illustration of an example
environment 100 including a first example swarm 105, a
second example swarm 110, a third example swarm 115, and
a fourth example swarm 120. More than four swarms or less
than four swarms may be present. The first example swarm
105 is an aerial swarm that includes a first plurality of bots
125. The second example swarm 110 is also an aerial swarm
that includes a second plurality of bots 130. The third
example swarm 115 is a ground-based swarm that includes
a third plurality of bots 135. The fourth example swarm 120
is also a ground-based swarm that includes a fourth plurality
of bots 140.

[0026] In the illustrated example, the first swarm 105, the
second swarm 110, the third swarm 115, and the fourth
swarm 120 have intra-swarm communication channels 145
to coordinate between the respective bots of the respective
swarm (i.e., bot-to-bot communication within a swarm).
There are also inter-swarm (i.e., cross-swarm) communica-
tion channels 150 over which the first swarm 105, the second
swarm 110, the third swarm 115, and/or the fourth swarm
120 can communication with another one of the first swarm
105, the second swarm 110, the third swarm 115, and/or the
fourth swarm 120.

[0027] In some examples, the communication channels
145, 150 leverage the resources of intermediary communi-
cation equipment, which may be, for example, a base station
of a cellular communication systems, satellite resources,
wireless access points operating under, for example, the
wi-fi protocol, etc. In other examples (e.g., where the
geographic separation is not too large to prevent bot-to-bot
communication), the communication channel 145, 150 may
represent direct communications between and/or among one

Feb. 14,2019

or more of the first plurality of bots 125 in the first swarm
105, one or more of the second plurality of bots 130 in the
second swarm 110, one or more of the third plurality of bots
135 in the third swarm 115, and/or one or more of the fourth
plurality of bots 140 in the fourth swarm 120. Thus, the
communication channel 145 of FIG. 1 may represent direct
(bot-to-bot) communications within a swarm and/or indirect
communications between or among bots within a swarm
using any suitable communications equipment and/or pro-
tocols. Further, the communication channel 150 of FIG. 1
may represent direct (bot-to-bot) communications between
one or more bots in two or more swarms and/or indirect
communications between one or more bots in two or more
swarms using any suitable communications equipment and/
or protocols.

[0028] The bots 125, 130, 135, 140 communicate over the
communication channels 144, 150 (directly and/or indi-
rectly) to share information. For example, the bots 125, 130
may exchange coverage information where the first swarm
105 is covering a first geographic area and the second swarm
110 is covering a second geographic area. In some examples,
the first geographic area and the second geographic area are
two areas under surveillance. In other examples, the first
geographic area and the second geographic area are two
fields of a farm. Other examples include other types of
physical locations and/or other types of end users, goals,
and/or applications.

[0029] In examples disclosed herein, the bots 125, 130,
135, 140 coordinate over the communication channels 145,
150 to build a real-time, energy efficient, robust system with
bot-to-bot coordination to accomplish a task, wherein the
coordination scheme framework is impartial to the specific
details of the task, the communication protocol, and/or the
bot type. An example coordination scheme or schedule 200
is shown in FIG. 2. The schedule 200 is a chain-like
schedule that enables different bots to coordinate with each
other in a decentralized manner. A completion through the
schedule 200 is referred to herein as a cycle, a chain-cycle,
or a run.

[0030] In examples disclosed herein, a swarm is initiated
after a threshold number of bots has joined the swarm. In
some examples, the threshold number may be three bots.
Other example applications may require or desire a different
minimum number of bots to join before a swarm is initiated.
The threshold number of bots may be determined based on
the application or task to be performed by the swarm and/or
the capabilities of the bots 125, 130, 135, 140.

[0031] In examples disclosed herein, the first bot to join
the swarm is referred to as the top-tag robot or simply the
top-tag. The top-tag waits for a minimum number of sup-
porting bots to join the swarm, which are referred to as
anchor robots or simply anchors. In some examples, the first
three bots to join the swarm after the top-tag are the anchors.
The identities of the top-tag and anchors are may be stored,
for example, a database of one or more of the bots 125. In
this example, with the identity of the top-tag and anchors
established, the swarm has been initiated. Additional bots to
join the swarm are referred to as tag robots or simply tags.
Thus, the terms top-tag, anchor, and tag all refer to a bot
(e.g., one or more of the bots 125, 130, 135, 140).

[0032] After swarm initiation, the top tag receives infor-
mation from the anchors in an example planning phase 205
of the schedule 200. In the planning phase 205, the anchors
compile information from, for example, one or more previ-
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ous cycles through the schedule 200 and create a planning
message. The planning message includes, for example, a
vote by a respective anchor regarding the configuration of
the swarm for the next chain cycle. The configuration of the
swarm refers to a listing of the participants in the swarm for
a particular cycle, an assignment of the roles or tasks an
individual bot in the swarm is to perform, and a correspond-
ing time slot for the performance. This information may be
stored in a database of one or more of the bots 125.

[0033] The schedule 200 also includes an example deci-
sion phase 210 during which the top-tag analyzes the
planning messages from the anchors and renders a decision
as to the configuration of the swarm based on the voting. The
decision of the configuration may be expressed in the form
of a decision packet or message that is broadcast by the
top-tag to the swarm. The decision message details the final
configuration of the swarm. The bots 125 of the swarm 105
are updated with the decision message during the decision
phase 210. Bots other than the top-tag T1 cannot send data
during the decision phase 210 and remain ready for recep-
tion of the decision message.

[0034] The schedule 200 also includes an example opera-
tion phase 215. The operation phase 215 includes the
performance of the roles or tasks by the bots to accomplish
the specific coordination task of the swarm (such as, for
example, ranging, data transmission, search and rescue,
surveillance, etc.). As illustrated in FIG. 2, there are a
number (N) bots in the swarm that have been assigned roles
and time slots for performance of the roles during the
operation phase 215. Tag R1 performs its task during the R1
slot 220, tag R2 performs its task during the R2 slot 225, tag
R3 performs its task during the R3 slot 230, and so forth
through tag RN and the RN slot 235. In some examples,
during the operation phase 215, the tags only send messages
or otherwise communicate with other tags during their
respective time slots. Thus, Tag R2 cannot communicate
with other tags or the swarm at large during the R1 slot 220.
Likewise, Tag R1 cannot communicate with other tags or the
swarm at during the R2 slot 225, etc. In some examples, a
common slot 240 is included in the schedule 200 during
which multiple tags can communicate and exchange infor-
mation. Also, in some examples, the decision message is
appended to the messages sent by the tags during their time
slot. In such examples, the decision message will be cas-
caded throughout the swarm 105 as the tags operate.
Rebroadcasting the decision message facilitates receipt of
the decision message by all tags (and/or redundant receipt)
to ensure that all tags receive the decision message includ-
ing, for example, tags that may have been out of commu-
nication range, blocked by obstacles, and/or otherwise
unable to receive communications (e.g., the decision mes-
sage) from the top-tag during the decision phase 210.

[0035] The example schedule 200 also includes an
example free slot 245, which is a period of time after the
operation phase 215 but prior to the commencement of the
next cycle. The example free slot 245 is dedicated to joining
new bots or tags that were not part of the swarm, as disclosed
in greater detail below. Thus, in some examples, a new tag
may request to join the swarm. The request is not granted
during the operation phase of the schedule 200. Rather, the
new request to join waits until the free slot 245 for the
decision to be made about its join request. In some
examples, the new bot observes the running network (the
swarm 105 operating through the schedule 200) for a period
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time until the new bot has received a decision message to
know when the free slot 245 occurs. In some examples,
when a join request has been granted, the anchors vote on a
new configuration during the subsequent planning phase
205. The top-tag reconfigures the swarm during the subse-
quent decision phase 210. The new tag is assigned a role and
one of the slots 220, 225, 230, 235 for the subsequent
operation phase 215. In some examples, the anchors vote to
reconfigure the swarm, and the top-tag reassigns roles
between subsequent cycles of the schedule 200 without a
new tag joining the swarm. In some examples, the new bot
receives a message informing it of its acceptance into the
swarm 105 and its role from one or more of the anchors,
from the top-tag and/or from one or more other tags in the
swarm 105 such as, for example, tags repeating the decision
message.

[0036] Examples disclosed herein enable a swarm of bots
to be formed in real-time in a dynamic manner by local-
interaction of the bots and without centralized instructions or
coordination. The local coordination enables the addition
and/or deletion of bots from the swarm with minimal (or no)
impact on the operation of the rest of the swarm.

[0037] As noted above, the examples disclosed herein are
agnostic as to the protocol used and the types of bots
included in or to be included in the swarm. In some
examples, the bots 125, 130, 135, 140 include an application
programming interface can communicate with any protocol.
Further, in some examples, the communications use a raw
read/write scheme without the need for transmission
acknowledgement.

[0038] In some examples, there is no need for high accu-
racy clock to coordinate the swarm. In such examples,
information is broadcast or otherwise communicated to
and/or through the swarm more frequently to enable bot
synchronization during the cycle or chain.

[0039] In some examples, redundant communication of
data is prevented. The top-tag consolidates information from
the anchors and broadcasts a consolidated decision message.
This communication scheme decreases the communication
between bots and is an advancement over known swarms in
which all the bots constantly communicate with all other
bots. In addition, in some examples, packet collision is
avoided. The bots (in the role of a tag) are assigned an
allotted a specific operation slot. The other bots cannot
communicate outside of their assigned slot (or the common
slot). This increases the likelihood that communications
from a bot operating during its assigned slot will be received
with less noise than traditional swarm communication
schemes. Thus, in some examples, clear communications
and predictable bot interaction and/or coordination is
achieved.

[0040] In some examples, energy efficiency of the swarm
is enhanced. For example, a bot (in the role of a tag) may
only power up during its respective assigned operation slot
in the schedule 200. During the operation slot of another bot,
a bot may enter a low power mode or otherwise power down
to conserve energy. Thus, in such examples, the bots in the
swarm have longer operation capacity and, therefore, will
need to be replaced less. With the need to replace bot less
frequently, there may be less bots requesting to join the
swarm during the free slot 245. Thus, there will be less join
requests to process, which further decreases the operational,
computational, and/or energy needs of the bots in the swarm,
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further enhancing the efficiency of the swarm for accom-
plishing a particular mission or task.

[0041] FIG. 3 is a block diagram of an example imple-
mentation of an example bot. The bot of FIG. 3 applies to
any of the example bots 125, 130, 135, 140 of FIG. 1. In
addition, the example bot 125, 130, 135 is configured to,
capable of, and/or designed to operate in any role disclosed
herein. For example, the bot 125, 130, 135 may join the
swarm as a tag in some examples. In other examples, the bot
125, 130, 135 may join the swarm as an anchor. In still other
examples, the bot 125, 130, 135 may initiate the swarm as
the top-tag. Also, in some examples, the bot 125, 130, 135
may join the swarm under one role but transition to another
role. The bots disclosed here have the structure and func-
tionality to assume any role in and transition between roles.
Thus, the example bot of FIG. 3 also applies to the top-tag
T1, the anchors A, A2, A3, the tags T2, T3, T4, T5, T6, R1,
R2, R3, and/or RN of FIGS. 1, 4, 6, 7A-F, and 8.

[0042] The example bot 125 includes an example mission,
work order, and/or task set 305 stored in an example
database 310. The example database 310 may be imple-
mented by any type of volatile and/or non-volatile memory,
for example, as disclosed below in connection with FIG. 13.
The task set 305 provides operating commands to the bot
125 for effecting a work order and/or performing tasks. In
some examples, the task set 305 is factory-installed into the
memory of the bot 125. In other examples, the task set 305
is transmitted to the bot 125 at any time prior to deployment
of the bot 125 for the desired operation. Any portion of or
all of the task set 305 may be overwritten and/or updated at
any time to, for example, initiate a new work order and/or
update requirements or specifications of an existing work
order. The database 310 can be used for storage and retrieval
of any of the data, metrics, parameters, roles, assignments,
and/or task sets or other instructions disclosed herein. In
some examples the database 310 of one or more of the bots
125 stores information including, for example, a listing of
the participants in the swarm for a particular cycle, the
identities of the top-tag, anchors, and tags, an assignment of
the roles or tasks an individual bot in the swarm is to
perform, and a corresponding time slot for the performance.
Though the database 310 can store information related to the
roles of the bots and configuration of a swarm 105, some of
the information may be historical (i.e., operational logs), and
the most recent decision message includes the data that is
used to identify the current swarm configuration and role
assignments for the individual bots 125 of the swarm 105.
[0043] The example bot 125 also includes means for
propagating. In this example, the means for propagating is
implemented by an example motor controller 315 that
controls an example motor 320 to operate one or more
example ambulation devices 325. In some examples, the
ambulation devices 325 are rotors on a drone. In other
examples, the ambulation devices 325 are wheels and/or
legs on a ground based robot. In yet other examples, the
ambulation devices 325 are other structures that can be used
to propagate the bot 125 from one position or location to
another (e.g., rotors on a boat).

[0044] The example bot 125 also includes means for
communicating. In this example, the means for communi-
cating is implemented by an example transceiver, a receiver,
and/or transmitter 330 and an interface such as, for example,
an antenna 335. The task set 305, when loaded post-
manufacturing, may be communicated to the bot 125 via the
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antenna 335 and transceiver 330. The bot 125 can use the
transceiver 330 to communicate with one or more other bots
125,120, 135, 140 from one or more of the swarms 105, 110,
115, 120.

[0045] The example bot 125 includes means for sensing
external and/or internal data. In this example, the means for
sensing is implemented by one or more example sensors
340. A variety of sensing devices may be included in the bot
125. Some examples include one or more visual sensors
such as, for example, a camera. Also, some examples
include one or more audio sensors such as, for example, a
microphone or array of microphones. Additionally or alter-
natively, in some examples, the bot 125 includes one or more
other sensors including, for example, a proximity sensor, a
conductance sensor, a tactile sensor, a vibration sensor, a
laser-based sensor, a thermal imaging sensor, and/or other
desired or suitable sensors. In some examples, the sensor
240 also senses activity from other bots.

[0046] The bot 125 includes means for requesting the bot
125 join a swarm. In this example, the means for requesting
is implemented as an example requestor 345. The requester
345 sends a join request message to be broadcast or other-
wise communicated from the transceiver 330. The request is
broadcast over a geographic area for sensing by other bots.
The bot 125 also includes an example clock 350. The clock
350 tracks the time of actions taken by the bot 125. Fur-
thermore, the bot 125 includes means for analyzing data. In
this example, the means for analyzing is implemented as an
example analyzer 355. In some examples, if the request to
join the swarm issued by the requestor 345 goes unanswered
for a threshold amount of time based on timing data pro-
vided by the clock 350, the analyzer 355 determines that a
swarm does not exist.

[0047] In some examples, if the analyzer 355 determines
that a swarm does not yet exist, the requestor 345 sends
another message to determine if another bot 125 has also
requested to join the swarm 105. The message is broadcast
over the geographic area for sensing by other bots. If the
query regarding another bot 125 requesting to join the
swarm issued by the requestor 345 goes unanswered for a
threshold amount of time based on timing data provided by
the clock 350, the analyzer 355 determines that no other bots
125 have initiated a swarm.

[0048] The bot 125 also includes means for scheduling. In
this example, the means for scheduling is implemented as an
example scheduler 360. In some examples, if the analyzer
355 determines that a swarm does not yet exist and no other
bot 125 has begun initiation of a swarm, the scheduler 360
initiates a swarm (e.g., swarm 105) with the bot 125 in the
role of a top-tag.

[0049] In other examples, the requestor 345 sends a
request to join a swarm and a response is received at the
transceiver 330. For example, an analyzer 355 in another bot
such as, for example a bot in the role of a top-tag, can send
a message in response to the join request granting permis-
sion for the bot 125 to join the swarm 105. In this example,
the scheduler 360 of the bot 125 (in the role of the top-tag)
will send a response that the bot 125 can join the swarm 105
along with a role assignment such as, for example, an anchor
or a tag 105.

[0050] To enhance the security of the systems, apparatus,
and methods disclosed herein, the bot 125 includes means
for authenticating bots that request to join the swarm 105. In
this example, the means for authenticating a bot are imple-
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mented by an example authenticator 365. The authenticator
365 determines if a bot requesting to join the swarm 105 is
a legitimate device. The authenticator 365 reduces infiltra-
tion of malware, viruses, or other unknown entities that may
be seeking to do harm. In some examples, the authenticator
365 reviews data related to, for example, encrypted key
sharing. For example, the bots 125 may be assigned indi-
vidual keys or a general (shared) key for the swarm 105. To
exchange data and provide authentication, the authenticator
365 performs an encrypted key handshake with the bot
requesting to join. Also, some examples may employ block-
chain technology to make the swarm 105 more secure,
autonomous, and/or flexible. Other suitable approaches to
securely pair a bot with a swarm may also be used. For
example, an agreed or predefined encryption/decryption
mechanism can be established and known to the bots in one
or more swarms working within a boundary. This agreed
mechanism may be nonsensical to third party agent(s) and/or
prevent such third party agent(s) from accessing encrypted
data.

[0051] The example bot 125 also includes an example
counter 370. The counter 370 is to maintain a list of bots that
have joined the swarm 105, an order or hierarchy in which
the bots have joined, a listing of tag roles of the bots and/or
other data related to population identification of the swarm
105. After the counter 370 has counted a threshold number
of'bots 125 that have joined the swarm 105, the analyzer 355
determines that the swarm 105 has been initiated. For
example, after a bot 125 in the role of top-tag has initiated
the swarm 105 and three bots 125 in the role of anchors have
joined, the analyzer 355, for example the analyzer 355 in the
bot 125 in the role top-tag and/or any or all of the bots 125
in the role of anchors, determines that the swarm 105 has
been created.

[0052] Once the swarm 105 has been created, the sched-
uler 360, for example of the bot 125 in the role of the top-tag,
commences the coordination schedule 200. In other
examples, more than the minimum number of bots 125 is
joined to the swarm 105 before the scheduler 360 com-
mences the coordination schedule 200. As shown in FIG. 2,
the coordination schedule 200 includes the planning phase
205. FIG. 4 is a schematic illustration of the swarm 105 in
the planning phase 205, where the swarm 105 includes nine
bots, namely, a bot 125 in the role of a top-tag T1, three bots
125 in the roles of the anchors Al to A3, and five bots in the
role of the tags T2-T6. Bots T1, A1, A2, A3, T2, T3, T4, T5,
and T6 all represent a bot 125, 130, 135, 140 as shown in
FIGS. 1 and 3.

[0053] In the planning phase 205, the analyzers 355 of the
bots 125 in the role of the anchors Al-A3 vote for the
configuration of the next cycle through the schedule 200.
The analyzers 355 compile data points related to, for
example, identification of the bots 125 in the swarm 105
determined by the counter 370, operation data from the prior
cycle including, for example, data gathered by the sensors
340, ranging data, other operational data, prior assignments
of roles of the tags T2-T6, and activity that occurred during
the prior free slot 245. The analyzers 355 of the bots 125 in
the role of the anchors A1-A3 conduct an analysis of the data
and produce voting or planning messages indicative of how
the anchor wants to coordinate or configure the next cycle
through the schedule 200 including, for example, what bots
125 in the role of the tags T2-T6 are assigned what roles
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and/or what operation slots to assist the swarm 105 in
effectively accomplishing the mission or task set 305.

[0054] In the planning phase 205, the bots 125 in the role
of the anchors A-A3 coordinate and broadcast or otherwise
communicate via their respective transceivers 330, their
respective planning messages or votes to all bots 125 in the
swarm 105. In the planning phase 205, all bots 125 are
listening and waiting to receive planning messages through
their respective transceivers 330. Thus, in this example,
information collected during a previous cycle of the sched-
ule 200 is collected by the analyzers 355 of the bots 125 in
the role of the anchors A1-A3 and communicated by the
transceivers 330 of the bots 125 in the role of the anchors
A1-A3 to all bots 125 in the swarm 105.

[0055] In the illustrated example, the analyzers 355 of the
bots 125 in the role of the anchors A1-A3 compile a swarm
tag identification list from their respective counters 370 into
the planning messages. A first example tag identification list
505 is shown in FIG. 5. In the first tag identification list 505,
the bot 125 is the role of the top-tag is TAG 1. There are N
bots in the swarm 105 as shown in the first tag identification
list 505. The representation of bots 125 in FIG. 5 corre-
sponding to the bots noted above, including, for example,
TAG 1 represents the bot 125 in the role of the top-tag T1,
TAG 2 represents the bot 125 in the role of tag T2, TAG 3
represents the bot 125 in the role of tag T3, TAG 4 represents
the bot 125 in the role of tag T4, and TAG N represents the
bot 125 in the role of tag T5 and/or the bot 125 in the role
of tag T6.

[0056] The analyzer 355 of the bot 125 in the role of the
second tag T2 determines if the sensors 340 of the bot 125
in the role of the second tag T2 detect activity from the bot
125 in the role of the top-tag T1. If, based on data from the
clock 350 of the bot 125 in the role of the second tag T2, the
analyzer 355 of the bot 125 in the role of the second tag T2
determines that there has been no activity from the bot 125
in the role of the top-tag T1 during or after a threshold
amount of time, the bot 125 in the role of the second tag T2
is promoted to the role of top-tag T1. The lack of activity
from the bot 125 in the role of the top-tag T1 indicates that
the bot 125 in the role of the top-tag T1 has disconnected
from the swarm 105 voluntarily or involuntarily including,
for example due to damage or other loss of resources. When
the bot 125 in the role of the second tag T2 is promoted, all
other bots 125 move up the hierarchy as shown in the second
tag identification list 510 of FIG. 5. The transceiver 330 of
the bot 125 in the role of the second tag T2 (now the tap-top
T1) communicates the update to the swarm 105.

[0057] In another example, the analyzer 355 of one or
more of the bots 125 in the role of the anchors A1-A3
determines if the sensors 340 of one or more of the bots 125
in the role of the anchors A1-3 detect activity from the bot
125 in the role of the top-tag T1. If, based on data from one
or more of the clocks 350 of the bots 125 in the role of the
anchors A1-A3, one or more of the analyzers 355 of the bots
125 in the role of the anchors A1-A3 determine that there has
been no activity from the bot 125 in the role of the top-tag
T1 during or after a threshold amount of time, the bot 125
in the role of the second tag T2 is promoted to the role of
top-tag as noted above. One or more of the transceivers 330
of the bots 125 in the role of the anchors A1-A3 commu-
nicates the updated hierarchy as shown in the second tag
identification 510 to the swarm 105. In some examples, the
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analyzers 355 of the bots 125 in the role of the anchors
A1-A3 vote on the change in the role of the top-tag T1.
[0058] The schedule 200 advances to the decision phase
210 after the transceiver 330 of the bot 125 in the role of the
top-tag T1 receives the planning messages from the bots 125
in the role of the anchors A1-A3. FIG. 6 is a schematic
illustration of the swarm 105 in the decision phase 210. The
analyzer 355 of the bot 125 in the role of the top-tag T1
compiles and analyzes the planning messages during the
decision phase 210. The scheduler 360 of the bot 125 in the
role of the top-tag T1 makes decisions based on the data
from the planning messages. In the illustrated example, the
scheduler 360 of the bot 125 in the role of the top-tag T1
determines what bots can join the swarm 105. Also in the
illustrated example, the scheduler 360 of the bot 125 in the
role of the top-tag T1 issues role assignments to the bots 125
in the role of the tags T2-T6. In addition, in the illustrated
example, the scheduler 360 of the bot 125 in the role of the
top-tag T1 determines what slots in the operation phase 215
correspond to what bots 125 in the role of the tags T2-T6.
The example scheduler 360 of the bot 125 in the role of the
top-tag T1 also calculates the duration of the slots in the
operation phase 215. In addition, the example scheduler 360
of the bot 125 in the role of the top-tag T1 determines how
many cycles of the operation phase 215 is to be performed
before another planning phase 205 occurs. Also, the example
scheduler 360 of the bot 125 in the role of the top-tag T1
reissues different assignments and roles to the bots 125 in the
swarm 105 including, for example, changing the anchors
and/or removing other bots 125 from the swarm 105.
[0059] The scheduler 360 of the bot 125 in the role of the
top-tag T1 compiles its determinations into a decision mes-
sage that is broadcast or otherwise communicated to the
swarm 105 in a decision message via the transceiver 330 of
the bot 125 in the role of the top-tag T1. The decision
message sets the role assignments and timing for the next
run or cycle through the schedule 200. In addition, along
with the information disclosed above, the decision message
includes other data and information. For example, the deci-
sion message can include a list of live bots, the hierarchy of
the bots as shown in the tag identification lists 505, 510,
and/or other relevant or desired information.

[0060] In the illustrated example, the bots 125 include
synchronization means. In the example of FIG. 3, the
synchronization means is implemented by an example syn-
chronizer 375. In some examples, the synchronizer 375
includes a global timer clock. In some examples, the syn-
chronizer 375 of the bot 125 in the role of the top-tag T1 will
communicate global time to the bots 125 in the swarm 105.
The synchronizers 375 in the bots 125 in the role of tags
T2-T6 is updated with a timing offset for that particular tag
T2-T6 and, upon receiving the decision message, the syn-
chronizers 375 of the bots 125 throughout the swarm 105
synchronize to the global time attached to the decision
message by the synchronizer 375 of the bot 125 in the role
of the top-tag T1.

[0061] The analyzers 255 of the bots 125 of the swarm 105
also determine the respective positions of the bots 125 in the
role of tags T2-T6 in the swarm 105 hierarchy and slots in
the operation phase 215 from the decision message. Thus,
bots 125 in the role of the tags T2-T6 take action and
perform in accordance with decisions made by the top-tag
T1. If the transceivers 230 of the bots 125 in the role of the
tags T2-T6 do not receive the decision message within a
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threshold amount of time, the bot 125 in the role of the
top-tag T1 is assumed dead or otherwise disconnected. The
bot 125 in the role of the second tag T2 assumes the role of
top-tag, as disclosed above.

[0062] An example structure of a decision message or
decision packet created by the scheduler 360 of the bot 125
in the role of the top-tag T1 includes:

struct__attribute_ ((packed, aligned(1)))
HeaderDecisionMessage

uint32_t global_ timer;
NodeID *stack;

uint®_t *elevate_to_com
uint8__t *com__to__elecvate;
uint®_t anchor_ stack_ height;
uint®_t planning_ seed;
uint8__t slot__size;

uint®_t cycles_ until_planning;
float *dists;

float xy[3][2];

float Estxy[3][2];

float *estimatePos;

int Tagld;

1

[0063] An example algorithm implemented by the swarm
105 to effect the planning phase 205 and the decision phase
210 is shown below. The algorithm can be implemented
and/or coordinated across the swarm 105 including, for
example, parts of the swarm such as, for example, the
analyzers 355 of the bot 125 in the role of the top-tag T1 and
the bots 125 in the role of the anchors A1-A3.

Example 1—Planning and Decision Phase

[0064]

1: if last_dec_mes/pos(myself) =

last_dec__mes.anchor_ stack_ size_ then

2: prop = CraftChainProposal(last_ dec__mes.chain,
devs_seen_last cycle)

3: WaitUntilltsMyTurnInPlanningPhase(local _timer)

4: Broadcast(prop)

5: devs__seen_ last_ cycle.Clear( )

6: new__dec__mes = Receive( )

7: local__timer = last_ dec__mes.global__timer

8: if last_dec__mes.seq__num++ =

new__dec__mes.seq__num then

9: DropConnection( )

10: state - JOIN NETWORK

11: else

12: state = OPERATIONAL

13: end if

14: else

15: while InPlanningPhase(local_timer) do

16: votes.append(Receive( ))

17: end while

18: while dec_ node_ timeout*last_ dec__mes.pos(myself) <
local__timer do

19: last_dec__mes = Receive( )

20: local__timer = last_ dec__mes.gloabl_ timer( )

21: if last_ dec__mes.contains(myself) == false then

22: state = JOIN_NETWORK

23: return

24: end if

25: state = OPERATIONAL

26: return

27: end while

28: if VoteCountSignificant(votes) then

29: dec__mes = CountOut(votes)

30: dec__mes.global_timer = local_ timer
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-continued

31: Broadcast(dec__mes)

32: last__dec__mes = dec__mes

33: state = OPERATIONAL

34: return

35: end if

36: DropConnection( )

37: state = JOIN_ NETWORK

38: end if
[0065] Another example algorithm includes:

Example 2—Planning and Decision Phase

[0066]

1: {

2: if(last_ dec__mes.pos(myself) <=

last_dec__mes.anchor_ stack_ size) # Am I anchor?

3:
4:
5:

{

# Act as acnhor
prop = CraftChainProposal(last_ dec__mes.chain,

devs__seen_ last_cycle);

6:
Timer based

13:

WaitUntilltsMyTurnInPlanningPhase(local__timer); #

Broadcast(prop)
devs__seen_ last_cycle.Clear( );

new__dec_mes = Receiver( ); # Blocking !
local__timer = last_ dec__mes.global_timer

if(last__dec__mes.seq__num++ !=

new__dec__mes.seq__num)

{
Drop Connection( );
state = JOIN_NETWORK;
¥
else
{
state = OPERATIONAL;
# Listen

while(InPlanningPhase(local_timer))

votes.append(Receive( )); # Nonblocking

while(DEC_NODE_ TIMEOUT *
last_dec__mes.pos(myself) < local_timer)

last__dec__mes = Receive( ); # Nonblocking
local__timer = last_ dec__mes.gloabl__timer( );
if(last__dec__mes.contains(myself) == false)

state = JOIN_NETWORK;
return;

state = OPERATIONAL;
return;

if{ VoteCountSignificant(votes))

{

dec__mes = CountOut(votes);
dec__mes.global__timer = local_timer;
Broadcast(dec__mes);

last__dec__mes = dec__mes;

state = OPERATIONAL;

return;

# We did not receive anything useful -> quit
DropConnection( );
state = JOIN_NETWORK;

-continued
54}
55:}
[0067] The schedule 200 advances to the operation phase

215 after the transceiver 330 of the bot 125 in the role of the
top-tag T1 communicates the decision message, and the
synchronizers 375 and analyzers 355 of the bots 125 in the
role of the tags T2-T6 prepare the tags T2-T6 for perfor-
mance of the task 305. FIGS. 7A-F are schematic illustra-
tions of the swarm 105 in the operation phase 215.

[0068] The example bots 125 also include an example
power switch 380 as shown in FIG. 3. The power switch 380
communicates with the clock 350 and the synchronizer 375
and powers up the bot 125 during a slot in the operational
phase 215 assigned to the bot 125 so the bot 125 can perform
its portion of the task 305 assigned in that slot. The bot 125
also includes means for executing the task set 305. In this
example, the means for executing is implemented by an
example processor 385. In some examples, after the proces-
sor 385 effects performance of the task assigned to a bot 125
in a slot of the operational phase 215, the power switch 380
powers the bot 125 down to a low power mode. In some
examples, the transceiver 230 of the bot 125, though pow-
ered down, continues to receive communications from the
swarm 105. However, the transceiver 230 of the bot 125
only transmits to other bots during its allotted slot.

[0069] In some examples, the motor controller 315, the
requestor 345, the clock 350, the analyzer 355, the scheduler
360, the authenticator 365, the counter 370, the synchronizer
375, and/or the power switch 380 are implemented by the
processor 385. In some examples, the motor controller 315,
the requestor 345, the clock 350, the analyzer 355, the
scheduler 360, the authenticator 365, the counter 370, the
synchronizer 375, the power switch 380 and/or the processor
385 are implemented by a processor such as disclosed below
in connection with FIG. 13.

[0070] FIG. 7A shows the first time slot 220 of the
operation phase 215 of the schedule 200. In the first time slot
220, the processor 385 of the bot 125 in the role of top-tag
T1 performs the duties or tasks assigned to the bot 125 in the
role of the top-tag T1. The power switches 380 of the bots
in the roles of the tags T2-T6 have been triggered so the bots
125 in the roles of the tags T2-T6 are in a low power mode.
In the first time slot 220, the bot 125 in the role of top-tag
T1 can communicate data or other information to the swarm
105. The remaining bots 125 can only listen in this example.
[0071] FIG. 7B shows the second time slot 225 of the
operation phase 215 of the schedule 200. In the second time
slot 225, the power switch 380 of the bot 125 in the role of
the second tag T2 activates to power up the bot 125 in the
role of the second tag T2. In this state, the processor 385 of
the bot 125 in the role of the second tag T2 performs the
duties or tasks assigned to the bot 125 in the role of the
second tag T2. The power switches 380 of the bots in the
roles of the tags T3-T6 have not been triggered so the bots
125 in the roles of the tags T3-T6 remain in a low power
mode. In the second time slot 225, the bot 125 in the role of
the second tag T2 can communicate data or other informa-
tion to the swarm 105. The other bots 125 in the roles of the
tags T3-T6 can only listen in this example.

[0072] FIG. 7C shows the third time slot 230 of the
operation phase 215 of the schedule 200. In the third time
slot 230, the power switch 380 of the bot 125 in the role of
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the second tag T2 activates to power down the bot 125 in the
role of the second tag T2. In addition, the power switch 380
of the bot 125 in the role of the third tag T3 activates to
power up the bot 125 in the role of the third tag T3. In this
state, the processor 385 of the bot 125 in the role of the third
tag T3 performs the duties or tasks assigned to the bot 125
in the role of the third tag T3. The power switches 380 of the
bots in the roles of the tags T4-T6 have not been triggered
so the bots 125 in the roles of the tags T2, T4-T6 are in a low
power mode. In the third time slot 230, the bot 125 in the
role of the third tag T3 can communicate data or other
information to the swarm 105. The other bots 125 in the
roles of the tags T2, T4-T6 can only listen in this example.

[0073] FIG. 7D shows a fourth time slot 232 of the
operation phase 215 of the schedule 200. In the fourth time
slot 232, the power switch 380 of the bot 125 in the role of
the third tag T3 activates to power down the bot 125 in the
role of the third tag T3. In addition, the power switch 380 of
the bot 125 in the role of the fourth tag T4 activates to power
up the bot 125 in the role of the fourth tag T4. In this state,
the processor 385 of the bot 125 in the role of the fourth tag
T4 performs the duties or tasks assigned to the bot 125 in the
role of the fourth tag T4. The power switches 380 of the bots
in the roles of the tags T2, T5, T6 have not been triggered
so the bots 125 in the roles of the tags T2, T3, T5, T6 are in
a low power mode. In the fourth time slot 232, the bot 125
in the role of the fourth tag T4 can communicate data or
other information to the swarm 105. The other bots 125 in
the roles of the tags T2, T3, T5, T6 can only listen in this
example.

[0074] FIG. 7E shows a fifth time slot 234 of the operation
phase 215 of the schedule 200. In the fifth time slot, 234 the
power switch 380 of the bot 125 in the role of the fourth tag
T4 activates to power down the bot 125 in the role of the
fourth tag T4. In addition, the power switch 380 of the bot
125 in the role of the fifth tag T5 activates to power up the
bot 125 in the role of the fifth tag T5. In this state, the
processor 385 of the bot 125 in the role of the fifth tag T5
performs the duties or tasks assigned to the bot 125 in the
role of the fifth tag T5. The power switches 380 of the bots
in the roles of the tags T2, T3, T6 have not been triggered
so the bots 125 in the roles of the tags T2-T4, T6 are in a low
power mode. In the fifth time slot 234, the bot 125 in the role
of the fifth tag T5 can communicate data or other informa-
tion to the swarm 105. The other bots 125 in the roles of the
tags T2-T4, T6 can only listen in this example.

[0075] FIG. 7F shows a sixth time slot 235 of the opera-
tion phase 215 of the schedule 200. In the sixth time slot 235,
the power switch 380 of the bot 125 in the role of the fifth
tag T5 activates to power down the bot 125 in the role of the
fifth tag T5. In addition, the power switch 380 of the bot 125
in the role of the sixth tag T6 activates to power up the bot
125 in the role of the sixth tag T6. In this state, the processor
385 of the bot 125 in the role of the sixth tag T6 performs
the duties or tasks assigned to the bot 125 in the role of the
sixth tag T6. The power switches 380 of the bots in the roles
of the tags T2-T4 have not been triggered so the bots 125 in
the roles of the tags T2-T5 are in a low power mode. In the
sixth time slot 235, the bot 125 in the role of the sixth tag
T6 can communicate data or other information to the swarm
105. The other bots 125 in the roles of the tags T2-T5 can
only listen in this example.

[0076] Though six time slots were shown in the operation
phase 215 of FIGS. 7A-F, the scheduler 360 of the bot 125
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in the role of the top-tag T1 can establish any number of'slots
in an operation phase 215. In some examples, the operation
phase 215 has less time slots, and in other examples, the
operations phase 215 has more time slots. In some examples,
the number of time slots is dependent on the type of task to
be performed and/or the capabilities of the bots 125 in the
swarm 105.

[0077] In some examples, the operation phase 215 further
includes a common slot. In a common slot, two or more bots
125 can communicate and coordinate activity. In other
words, in a common slot, the power switches 380 of two
more of the bots 125 in the role of the tags T2-T6 activate
to power up the two or more bot 125 in the role of the tags
T2-T6. In this state, the processors 385 of the two or more
bots 125 in the role of the tags T2-T6 perform the duties or
tasks assigned to the two or more bots 125 in the role of the
tags T2-6 including, for example, coordination and/or com-
munication exchanges between the two bots 125. In the
common time slot 225, the two or more bots 125 in the role
the tags T2-T6 that have been activated can both (or all)
communicate data or other information to the swarm 105.
[0078] An example algorithm implemented by the swarm
105 to effect the operation phase 215 is shown below. The
algorithm can be implemented and/or coordinated across the
swarm 105 including, for example, parts of the swarm such
as, for example, the analyzers 355 of the bots 125 in the role
of the top-tag T1 and the bots 125 in the role of the tags
T2-Té.

Example 3—Operation Phase
[0079]

1: if SLOT_SIZE*last_ dec_ mes.pos(free_ slot) > local.timer then

2: state = PLANNING__AND_ DECISION

3:end if

4: if last_dec__mes.pos(myself) >

las__dec__mes.anchor__stack__size then

5: devs_seen_ last cycle.append(Receive( ).msg id)

6: else

7: while ( SLOT_SIZE*last_ dec__mes.pos(myself) <
local__timer and

SLOT_SIZE * (last_dec_ mes.pos(myself) + 1) >

local__timer )

do
8: my_ payload.header.append(last_dec_ mes)
9: Broadcast(my__payload)
10: end if

[0080] Another example algorithm for the operation phase
215 is shown below.

Example 4—Operation Phase

[0081]

1: {

2: if(SLOT_SIZE * last_ dec__mes.pos(free_slot) >
local.timer) # Still in operational phase ?

3: {

4: state = PLANNING__AND_ DECISION;

5:

6: if{last_ dec__mes.pos(myself) >
las_ dec__mes.anchor_stack_ size) # Am I anchor?

7:

8: devs_seen_ last cycle.append(Receive( ).msg_ id);
# Non blocking

9: }

10: else
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-continued

11:

12: while(SLOT_SIZE * last_ dec__mes.pos(myself) >
local__timer && SLOT__SIZE * (last_dec__mes.pos(myself) + 1) >
local_timer )

13:

14: # Broadcast dec__message and take care of your
own transmission business

15: my_ payload.header.append(last_dec__mes);

16: Broadcast(my__payload);

17:

18: }

19:

20: }
[0082] Another example algorithm for the planning phase

205, decision phase 210, and operation phase 215 includes:

Example 5—Main

[0083]
1: main( )
2: {
3: switch(state)
4:
5: caseOPERATIONAL:
6: OperationalPhase( )
7: break;
8: casePLANNING__AND_ DECISION:
9: PlanningAndDecisionPhase( );
10: break;
11: }
12: }
[0084] The example scheduler 360 of the bot 125 in the

role of the top-tag T1 also incorporates a free slot 245 into
the schedule 200, an example of which is depicted in FIG.
8. The free slot 245 occurs after the operation phase 215 and
before the next planning phase 205 or the next operation
phase 215 (when the operation phase has multiple cycles
before a planning phase 204). During the free slot 245, there
is no activity of the bots 125 performing mission duties to
remove active transactions from the bots 125 in the role of
the tags T2-T6 and to enable a new bot 125 (RN) to request
to join the swarm 105. Thus, the bots 125 in the role of tags
T2-T6 are inactive in the free slot 245.

[0085] In some examples, the transceiver 330 of the bot
125 in the role of the top-tag T1 broadcasts a signal that
indicates the activation of the free slot 245. The signal may
include other information such as, for example, the tag
identification list 505, 510 of FIG. 5. The transceiver 330 in
any bot 125 within communication range of the swarm 105
can detect the signal. In other examples, the new bot 125
observes the swarm 105 during operation of the schedule
200 and learns of the scheduling of the free slot 245 from a
detected decision messages. When determining to join the
swarm 105, the analyzer 355 of the new bot 125 (RN)
determines if the tag identification of that bot 125 (RN) is
included in an existing list. If the new bot 125 (RN) is not
included in the tag identification list, the requestor 345 of the
new bot 125 (RN) formulates a request to join the swarm
105 that includes a randomness added to the exact trans-
mission time in the free slot 245. The transceiver 330 of the
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new bot 125 (RN) broadcasts a signal such as, for example,
a ping that includes a request to join.

[0086] The transceivers 330 of any of the bots 125 in the
role of the anchors A1-A3 detects the ping from the new bot
125 (RN) and adds the new bots 125 (RN) to the voting list
for consideration by the analyzers 355 of the bots 125 in the
role of the anchors A1-A3 during the next planning phase
205. In the next decision phase 210, information about the
new bot 125 (RN) and other information from all of the bots
125 in the roles of the anchors A1-A3 is used by the analyzer
355 and scheduler 360 of the bot 125 in the role of top-tag
T1 to render a decision of whether the new bot 125 (RN) is
added to the swarm. If added, the new bot 125 (RN) will be
added to the tag identification list 505, 510. In some
examples, the new bot 125 (RN) receives a message that it
has been added to the swarm 105 from one or more of the
bots 125 in the role of the anchors A1-A3. In other examples,
the message indicative of the granting of permission to join
the swarm 105 is received by the new bot 125 (RN) from the
bot 125 in the role of the top-tag T1 and/or from one or more
bots 125 in the role of a tag T2-T6.

[0087] Ifthe scheduler 360 of the bot 125 in the role of the
top-tag T1 does not add the new bot 125 (RN) to the swarm
105, the new bot 125 (RN) waits for the next free slot 245
to repeat the attempt. In some examples, two or more new
bots 125 (RN) apply at the same time to join the swarm 105.
The join request from the requestor 345 of one or more of
the new bots 125 (RN) may be overheard or otherwise
obfuscated by noise and/or other requests to join. In such
examples, the new bot 125 (RN) whose join request was
obscured and went unanswered waits for the scheduling of
the next free slot 245 as indicated by the next decision
message and reapplies to join the swarm 105 during the next
cycle of the schedule 200.

[0088] While an example manner of implementing the
example bot 125 of FIGS. 1, 4, 6, 7A-F, and 8 is illustrated
in FIG. 3, one or more of the elements, processes and/or
devices illustrated in FIG. 3 may be combined, divided,
re-arranged, omitted, eliminated and/or implemented in any
other way. Further, the example task set 305, the example
database 310, the example motor controller 315, the
example transceiver 330, the example sensors 340, the
example requestor 345, the example clock 350, the example
analyzer 355, the example scheduler 360, the example
authenticator 365, the example counter 370, the example
synchronizer 375, the example power switch 380, the
example processor 385 and/or, more generally, the example
bot 125 of FIGS. 1, 3, 4, 6, 7A-F, and 8 may be implemented
by hardware, software, firmware and/or any combination of
hardware, software and/or firmware. Thus, for example, any
of the example task set 305, the example database 310, the
example motor controller 315, the example transceiver 330,
the example sensors 340, the example requestor 345, the
example clock 350, the example analyzer 355, the example
scheduler 360, the example authenticator 365, the example
counter 370, the example synchronizer 375, the example
power switch 380, the example processor 385, and/or the
example bot 125 could be implemented by one or more
analog or digital circuit(s), logic circuits, programmable
processor(s), programmable controller(s), graphics process-
ing unit(s) (GPU(s)), digital signal processor(s) (DSP(s)),
application specific integrated circuit(s) (ASIC(s)), pro-
grammable logic device(s) (PLD(s)) and/or field program-
mable logic device(s) (FPLD(s)). When reading any of the
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apparatus or system claims of this patent to cover a purely
software and/or firmware implementation, at least one of the
example, task set 305, the example database 310, the
example motor controller 315, the example transceiver 330,
the example sensors 340, the example requestor 345, the
example clock 350, the example analyzer 355, the example
scheduler 360, the example authenticator 365, the example
counter 370, the example synchronizer 375, the example
power switch 380, the example processor 385 and/or, more
generally, the example bot 125 are hereby expressly defined
to include a non-transitory computer readable storage device
or storage disk such as a memory, a digital versatile disk
(DVD), a compact disk (CD), a Blu-ray disk, etc. including
the software and/or firmware. Further still, the example bot
125 of FIGS. 1, 3, 4, 6, 7A-F, and 8 may include one or more
elements, processes and/or devices in addition to, or instead
of, those illustrated in FIG. 3, and/or may include more than
one of any or all of the illustrated elements, processes and
devices. As used herein, the phrase “in communication,”
including variations thereof, encompasses direct communi-
cation and/or indirect communication through one or more
intermediary components, and does not require direct physi-
cal (e.g., wired) communication and/or constant communi-
cation, but rather additionally includes selective communi-
cation at periodic intervals, scheduled intervals, aperiodic
intervals, and/or one-time events.

[0089] A flowchart representative of example hardware
logic or machine readable instructions for implementing the
example bot 125 of FIGS. 1, 3, 4, 6, 7A-F, and 8 for swarm
coordination is shown in FIGS. 9A-D. The machine readable
instructions may be a program or portion of a program for
execution by a processor such as the processor 1312 shown
in the example processor platform 1300 discussed below in
connection with FIG. 13. The program may be embodied in
software stored on a non-transitory computer readable stor-
age medium such as a CD-ROM, a floppy disk, a hard drive,
a DVD, a Blu-ray disk, or a memory associated with the
processor 1312, but the entire program and/or parts thereof
could alternatively be executed by a device other than the
processor 1312 and/or embodied in firmware or dedicated
hardware. Further, although the example program is
described with reference to the flowcharts illustrated in
FIGS. 9A-D, many other methods of implementing the
example bot 125 may alternatively be used. For example, the
order of execution of the blocks may be changed, and/or
some of the blocks described may be changed, eliminated, or
combined. Additionally or alternatively, any or all of the
blocks may be implemented by one or more hardware
circuits (e.g., discrete and/or integrated analog and/or digital
circuitry, an FPGA, an ASIC, a comparator, an operational-
amplifier (op-amp), a logic circuit, etc.) structured to per-
form the corresponding operation without executing soft-
ware or firmware.

[0090] As mentioned above, the example processes of
FIGS. 9A-D may be implemented using executable instruc-
tions (e.g., computer and/or machine readable instructions)
stored on a non-transitory computer and/or machine read-
able medium such as a hard disk drive, a flash memory, a
read-only memory, a compact disk, a digital versatile disk,
a cache, a random-access memory and/or any other storage
device or storage disk in which information is stored for any
duration (e.g., for extended time periods, permanently, for
brief instances, for temporarily buffering, and/or for caching
of the information). As used herein, the term non-transitory
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computer readable medium is expressly defined to include
any type of computer readable storage device and/or storage
disk and to exclude propagating signals and to exclude
transmission media.

[0091] “Including” and “comprising” (and all forms and
tenses thereof) are used herein to be open ended terms. Thus,
whenever a claim employs any form of “include” or “com-
prise” (e.g., comprises, includes, comprising, including,
having, etc.) as a preamble or within a claim recitation of
any kind, it is to be understood that additional elements,
terms, etc. may be present without falling outside the scope
of the corresponding claim or recitation. As used herein,
when the phrase “at least” is used as the transition term in,
for example, a preamble of a claim, it is open-ended in the
same manner as the term “comprising” and “including” are
open ended. The term “and/or” when used, for example, in
a form such as A, B, and/or C refers to any combination or
subset of A, B, C such as (1) A alone, (2) B alone, (3) C
alone, (4) A with B, (5) A with C, and (6) B with C.
[0092] FIGS. 9A-D illustrates an example of swarm coor-
dination 900 that begins in FIG. 9A with the requester 345
of'a bot 125 sending a join request message communicated
from the transceiver 330 (block 901). The analyzer 355 of
the bot 125 determines if a response has been received
(block 902). In some examples, the analyzer 355 access data
from the clock 350, which tracks the time since the com-
munication, so that if the request to join the swarm goes
unanswered for a threshold amount of time, the analyzer 355
determines that a swarm does not exist (block 903).
[0093] Ifthe swarm does not exist, the requestor 345 sends
a message to determine if another bot 125 has also requested
to join the swarm 105 (block 904). Determining if another
bot 125 has joined the swarm 105 will identify if a bot 125
in the role of the top-tag exists. The analyzer 355 of the bot
125 determines if a response has been received (block 905).
In some examples, the analyzer 355 access data from the
clock 350 to determine if the query regarding another bot
125 requesting to join the swarm goes unanswered for a
threshold amount of time. If the analyzer 355 determines
that there has been no response received, the analyzer 355
determines that there is no bot 125 in the role of the top-tag
(block 906).

[0094] If the analyzer 355 determines that a swarm does
not yet exist (block 903) and there is no bot 125 in the role
of' the top-tag (block 906), the scheduler 360 initiates swarm
formation with the bot 125 in the role of a top-tag (block
907). This bot 125 then proceeds through the swarm coor-
dination process 900 functioning as the top-tag T1 as shown
in FIG. 9B.

[0095] Ifthe query regarding another bot 125 requesting to
join the swarm (i.e., the existence of the top-tag) issued by
the requestor 345 is answered (e.g., the transceiver 330
receives a response message) (block 905), the analyzer 355
determines that there is a bot 125 in the role of the top-tag
(block 908). In some examples, the analyzer 355 of a bot 125
in the role of the top-tag T1 sends a message that it exists and
is initiating a swarm.

[0096] If the analyzer 355 determines that a swarm does
not yet exist (block 903) but that there is a bot 125 in the role
of the top-tag T1 (block 908), the requester 345 sends a
request to join the swarm 105 as in the role of an anchor
(block 909). In some examples, the response from the bot
125 in the role of the top-tag T1 that it (the top-tag) exists
also includes permission for the second (or later) bot 125 to
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join the swarm 125 and has the role of an anchor. This bot
125 then proceeds through the swarm coordination process
900 functioning as an anchor Al as shown in FIG. 9C.
[0097] If, at block 902, the analyzer 355 receives a
response from another bot including, for example, a bot 125
in the role of the top-tag T1 and/or a bot 125 in the role of
the anchor Al indicating that the swarm 105 exists, the
analyzer 355 determines that the swarm exists (block 910).
This bot 125 proceeds through the swarm coordination
process 900 functioning as new bot 125 (RN) as shown in
FIG. 9D.

[0098] As shown in FIG. 9B, after the scheduler 360 of the
bot 125 in the role of the top-tag T1 initiates swarm
formation, the counter 370 the bot 125 in the role of the
top-tag T1 counts the number of bots that have joined the
swarm 105 and the bot 125 in the role of the top-tag T1 waits
for a minimum number of bots to join the swarm 105 (block
912). When the counter 370 identifies that a minimum
number of bots 125 has joined the swarm 105, the analyzer
355 of the bot 125 in the role of the top-tag T1 determines
that a swarm (e.g., swarm 105) has formed (block 914).
[0099] The scheduler 360 of the bot 125 in the role of the
top-tag T1 issues assignment of roles (block 916). For
example, the scheduler 360 considers votes and/or planning
messages from bots 125 in the roles of anchors A1-A3,
reliability of the bots 125, operational history of the bots
125, location of the bots 125, accessibility of the bots 125 by
other bots 125, the task set 305, operating times, prior cycles
of the schedule 200, and/or other information important to
the completion of the mission. The assignment of roles
issued by the scheduler 360 of the bot 125 in the role of the
top-tag T1 determines the operational performance and time
slot for the performance for the other bots 125 in the swarm
105. After the scheduler 360 of the bot 125 in the role of the
top-tag T1 issues the assignments (block 916), the trans-
ceiver 330 of the bot 125 in the role of the top-tag T1
broadcasts the assignments to the swarm 105 (block 920).
[0100] The swarm coordination process 900 also includes
the processors 385 of the bots 125 in the swarm performing
the operation slots (e.g., in the operation phase 215) (block
920). The processor 385 of the bot 125 in the role of the
top-tag T1 performs the task assigned to itself in the T1 slot
220 of the operation phase 215.

[0101] After the performance of the slots in the operation
phase 215 (block 920), the transceiver 330 of the bot 125 in
the role of the top-tag T1 broadcasts the activation of the free
slot 245 (block 922). During the free slot 245, new bots 125
such as, for example, bot 125 (RN), request to join the
swarm 105. The transceiver 330 of the bot 125 in the role of
the top-tag T1 receives the request to join from the new bot
125 (RN) (block 924). If the analyzer of the bot 125 in the
role of the top-tag T1 determines that the transceiver 330 of
the bot 125 in the role of the top-tag T1 has not received a
request to join from a new bot (block 924) based on, for
example, data provided by the clock 350, the scheduler 360
of the bot 125 in the role of the top-tag T1 continues the
schedule 200 with a subsequent cycle of the operation phase
215. Thus, the process 900 continues with the processors
385 of the bots 125 of the existing swarm 105 performing
their respective operation slots (block 920).

[0102] Insome examples, the transceiver of the bot 125 in
the role of the top-tag T1 does receive a request to join from
the new bot 125 (RN) (block 922). In such examples, the
analyzer 355 of the bot 125 in the role of the top-tag T1
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receives planning messages (including, for example, votes)
from the bots 125 in the role of the anchors A1-A3 that
includes data related to the new bot 125 (RN), swarm
configuration data, and other information disclosed above
(block 928). The scheduler 360 of the bot 125 in the role of
the top-tag T1 renders a decision as to whether the new bot
125 (RN) can join the swarm 105 (block 930).

[0103] Ifthe scheduler 360 of the bot 125 in the role of the
top-tag T1 rejects the request from the new bot 125 (RN) to
join the swarm 105 (block 930), the scheduler 360 of the bot
125 in the role of the top-tag T1 continues the schedule 200
with a subsequent cycle of the operation phase 215 where
the process 900 continues with the processors 385 of the bots
125 of the existing swarm 105 performing their respective
operation slots (block 920). In some examples, new assign-
ments of roles of the bots 125 in the swarm 105 are issued
by the scheduler 360 before the subsequent performance of
the operation slots (block 920), regardless of whether the
scheduler 360 of the bot 125 in the role of the top-tag T1
rejects the join request from the new bot 125 (RN) or not.
[0104] Ifthe scheduler 360 of the bot 125 in the role of the
top-tag T1 accepts the join request of the new bot 125 (RN)
(block 930), the scheduler 360 of the bot in the role of the
top-tag T1 adds the new bot 125 (RN) to the swarm 105 in
the role of a tag such as, for example, the second tag T2
(block 932). After scheduler 360 of the bot in the role of the
top-tag T1 adds the bot 125 in the role of the tag T2 to the
swarm 105, the scheduler 360 of the bot 125 in the role of
the top-tag T1 issues assignments of the roles for the bots
125 in the swarm (block 934). For example, the scheduler
360 of the bot 125 in the role of the top-tag T1 may maintain
the roles of all bots 125 previously in the swarm 105 and
assign a new role to the bot 125 in the role of the tag T2. In
other examples, the scheduler 360 the bot 125 in the role of
the top-tag T1 re-assigns role for one or more of the bots 125
in the swarm 105. After the scheduler 360 of the bot 125 in
the role of the top-tag T1 issues (or reissues) the assignments
(block 934), the transceiver 330 of the bot 125 in the role of
the top-tag T1 broadcasts the assignments to the swarm 105
(block 936). The scheduler 360 of the bot 125 in the role of
the top-tag T1 continues the schedule 200 with a subsequent
cycle of the operation phase 215, in which the process 900
continues with the processors 385 of the bots 125 of the
existing swarm 105 performing their respective operation
slots (block 920).

[0105] As shown in FIGS. 9A and 9C, after the analyzer
355 determines that there is a top-tag (block 908) and the
requester 345 sends a request to join the swarm in the role
of an anchor (block 909), the bot 125 in the role of the
anchor waits for a minimum number of bots to join the
swarm 105 (block 938). The swarm coordination process
900 from the perspective of the bot 125 in the role of the
anchor continues when the transceiver 330 of the bot 125 in
the role of the anchor receives its assignment (block 940) as
the anchor A1 from the scheduler 360 of the bot 125 in the
role of the top-tag T1.

[0106] The swarm coordination process 900 also includes
the processors 385 of the bots 125 in the swarm performing
the operation slots (e.g., in the operation phase 215) (block
940). The processor 385 of the bot 125 in the role of the
anchor Al performs the task assigned to it during the
operation phase 215 (block 944) by the scheduler 360 of the
bot 125 in the role of the top-tag T1. In some examples, the
assignment of the bot 125 in the role of the anchor Al
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includes using its transceiver 330 to listen to the swarm 105
and using its sensor(s) 340 to gather data related to activity
of the bots 125 in the swarm and of new bots 125 (RN)
attempting to join the swarm.

[0107] After the operation phase 215, a free slot 245 is
activated during which new bots 125 such as, for example,
bot 125 (RN), request to join the swarm 105. Thus, after the
performance of the operation slots (block 942), the analyzer
355 of the bot 125 in the role of the anchor Al determines
if the transceiver 330 of the bot 125 in the role of the anchor
Al receives the request to join from the new bot 125 (RN)
(block 944). If the analyzer 355 of the bot 125 in the role of
the anchor Al and the analyzers 355 of the bots 125 in the
role of other anchors A2, A3 and/or the top-tag T1 do not
determine that the transceivers 330 of the respective bot 125
have received a request to join from a new bot (block 944)
based on, for example, data provided by the clock 350, the
schedule 200 is continued with a subsequent cycle of the
operation phase 215, in which the process 900 continues
with the processors 385 of the bots 125 of the existing
swarm 105 performing their respective operation slots
(block 942).

[0108] If the analyzer 355 of the bot 125 in the role of the
anchor Al determines that the transceiver 330 of the bot 125
in the role of the anchor Al does receive a request to join
from the new bot 125 (RN) (block 944), the analyzer 355 of
the bot 125 in the role of the anchor Al adds the tag
identification for the new bot 125 (RN) to the voting list
(block 946).

[0109] The analyzer 355 of the bot 125 in the role of the
anchor Al creates a planning message (e.g., including a
vote) related to the configuration of the next cycle through
the schedule 200 (block 948). The analyzer 355 of the bot
125 in the role of the anchor A1 basis the planning message
on an analysis of data related to, for example, identification
of the bots 125 in the swarm determined by its counter 370,
operational data from the prior cycle, data from its sensors
340, ranging data, prior assignments of roles of the bots 125
in the swarm 105, and activity that occurred during the prior
free slot 245. The analyzer 355 of the bot 125 in the role of
the anchor A1 creates the planning message to indicate how
the bot 125 in the role of the anchor A1 wants to coordinate
or configure the next cycle through the schedule 200 includ-
ing, for example, what bots 125 are assigned what roles
and/or what operation slots to assist the swarm 105 in
effectively accomplishing the mission or task set 305.

[0110] The transceiver 330 of the bot 125 in the role of the
anchor Al broadcasts the planning message to the swarm
105 (block 950). The process 900 from the perspective of the
bot 125 in the role of the anchor Al continues with the bot
125 in the role of the anchor A1 waiting until the bot 125 in
the role of the top-tag T1 has analyzed the planning message
and rendered a decision regarding issuance of roles for the
bots 125 in the swarm 105. When assignment roles have
been broadcast from the bot 125 in the role of the top-tag T1,
the transceiver 330 of the bot 125 in the role of the anchor
Al receives the assignment of roles (block 940). The process
900 continues through a subsequent performance of the
operation phase 215 where the bots 125 perform the opera-
tion slots (block 942).

[0111] As shown in FIGS. 9A and 9D, after the requestor
345 of the new bot 125 (RN) requests to join the swarm 105
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(block 901), the transceiver 330 of the new bot 125 (RN)
waits to detect the activation of a free slot (e.g., free slot 245)
(block 952).

[0112] If the analyzer 355 of the new bot 125 (RN)
determines that the transceiver 330 of the new bot (RN) does
not receive a message granting permission to join the swarm
105 within a threshold period of time based on data from its
clock 350, the analyzer 355 of the new bot 125 (RN)
determines that the request to join is not permitted (block
954). The requestor 345 of the new bot 125 (RN) waits for
a subsequent free slot 245 to issue a subsequent request to
join the swarm 105 (block 952). In some examples, the
requestor 345 of the new bot 125 (RN) issues a subsequent
request to join swarm 105 before the subsequent frees slot
245 but waits the subsequent free slot for a decision (block
952). In some examples, one or more of the analyzers 355
of the bots 125 in the role of the anchors A1-A3 may have
voted against allowing the new bot 125 (RN) to join the
swarm 105 and the scheduler 360 of the bot 125 in the role
of'the top-tag T1 may have decided not to permit the new bot
125 (RN) to join the swarm 105 because, for example, the
resources of the new bot (RN) may not be needed or the new
bot 125 (RN) may lack necessary resources, the task 305 of
the swarm 105 may be accomplished, a time period may
have expired, and/or other reasons.

[0113] If the analyzer 355 of the new bot 125 (RN)
determines that the transceiver 330 of the new bot (RN) has
received a message granting permission to join the swarm
105 (block 954), the transceiver 355 of the new bot 125 (RN)
receives an assignment of role (block 956). For example, the
scheduler 360 of the bot 125 in the role of the top-tag T1
may have issued a role to the new bot 125 (RN) as a tag T2
and broadcast that role to the new bot (RN).

[0114] The schedule 200 continues with a subsequent
cycle of the operation phase 215 during which the bots 125
perform the operation slots (block 958). The performance of
the operation slots (block 958) includes, in some examples,
the power switch 380 of the bot 125 in the role of the tag T2
powering down the bot 125 in the role of the tag T2 until the
assigned operation slot (e.g., slot T2 225) approaches. When
the assigned operation slot approaches, the power switch
380 of the bot 125 in the role of the tag T2 powers up the
bot 125 in the role of the tag T2, and the processor 385 of
the bot 125 in the role of the tag T2 performs the assigned
activity or task. After the assigned operation slot, the power
switch 380 of the bot 125 in the role of the tag T2 powers
down to make the bot 125 in the role of the tag T2 inactive
during the performance of the remaining operation slots by
the rest of the swarm 105.

[0115] While the bot 125 in the role of the tag T2 remains
inactive during all other phases of the schedule 200, its
transceiver 330 continues to listen for communications.
Thus, if new (additional) bots 125 (RN) join and/or roles are
otherwise reconfigured based on activity from the analyzers
355 of the bots 125 in the role of the anchors A1-A3 and/or
activity from the analyzer 355 and/or scheduler 360 of the
bot 125 in the role of the top-tag T1, the transceiver 330 of
the bot 125 in the role of the tag T2 receives an indication
of the change in role (block 960) and receives the details of
the new assignment (block 956). The schedule 200 continues
through a subsequent operation phase 215 in which the bots
125 of the swarm 105 perform their operation slots (block
958).
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[0116] In other examples, the transceiver 330 of the bot
125 in the role of the tag T2 does not receive any indication
of a change of role (block 960), and the power switch 380
and processor 385 of the bot 125 in the role of the tag T2
continue to operate in accordance with its assigned role
during the operation slots (block 958).

[0117] FIGS. 10A-D show an example timeline of an
example implementation of the systems, apparatus, and
methods disclosed herein. Specifically, FIGS. 10A-D show
the example bots (e.g., bot 125) implemented in a swarm
coordination where the task 305 is ranging. Ranging is a
cooperative process that determines the range between two
transceivers (e.g., transceiver 330 in different bots 125). As
shown in FIG. 10A, the first bot 125 joins the swarm 105 and
then, after a period of time based on data from the clock 350
and the transceiver 330, the analyzer 355 determines there
are no other bots 125 in the swarm 105 and sets the bot 125
with the role of the top-tag T1.

[0118] The transceiver 330 of the bot 125 in the role of
top-tag T1 sends out communications (shown as pings) to
join three bots 125 in the role of anchors A1-A3. In the
example with the ranging implements, the third bot 125 to
join in the role of the anchor A3 is referred to as a mirror M.
The bots 125 in the role of the anchors A1, A2 and the mirror
send planning message to the bot 125 in the role of the
top-tag T1 in a planning phase (e.g., planning phase 205).
The bot 125 in the role of the top-tag T1 renders the decision
message in a decision phase (e.g., decision phase 210). In
this example, the decision message or packet is cascaded
with timing information based on the number of bots 125 in
the swarm 105. After a first operation phase (e.g., operation
phase 215), there is a free slot (e.g., free slot 245).

[0119] The cycles continue to repeat to perform the rang-
ing task. For example, there are additional communications
(e.g. in the form of pings) from the bot 125 in the role as the
top-tag T1 to the bots 125 in the role as the anchors A1, A2
and mirror M, and planning messages are returned from the
bots 125 in the role as the anchors A1, A2 and mirror M to
the bot 125 in the role of the top-tag T1 during a second
planning phase 205a. During the second decision phase
2105, a decision message is again cascaded from the sched-
uler 360 of the bot 125 in the role of the top tag T1 to the
swarm 105. During the second operation phase 2154, a new
fifth both (e.g., a new bot 125 (RN)) attempts to join the
swarm 105. In this example, the new bot 125 (RN) requested
to join just before the second free slot 2454, which does not
provide sufficient time for the analyzers 355 of the bots 125
in the role of the anchors Al, A2 and the mirror M to vote
because the creation of the planning message does not occur
until the next planning phase 20554. Likewise, the analyzer
355 and the scheduler 360 of the bot 125 in the role of the
top-tag T1 does not have sufficient time to conduct any
analysis or decision making because the next decision phase
2105 is after the second free slot 245.

[0120] As shown in FIG. 10B, the join request from the
new bot 125 (RN) is processed in the third planning phase
2055, and the analyzers 355 of the bots 125 in the role as the
anchors A1, A2 and mirror M add the fifth bot 125 to the
voting list. Subsequent communications (e.g. in the form of
pings) from the bot 125 in the role as the top-tag T1 to the
bots 125 in the role as the anchors A1, A2 and mirror M, and
planning messages are returned from the bots 125 in the role
as the anchors A1, A2 and mirror M to the bot 125 in the role
of the top-tag T1 during the third planning phase 20554. Then
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a decision is made by the scheduler 360 of the bot 125 in the
form of the top-tag T1 during the third decision phase 2105.
A decision message is sent through the swarm 105 from the
transceiver 330 of the bot 125 in the role as the top-tag T1
to the bots 125 in the role as the anchors Al, A2 and mirror
M and the fifth bot 125, where it is indicated that the fifth bot
125 is allowed to join the swarm 125. However, a subse-
quent (e.g., third) operation phase 2156 passes before the
next (e.g., third) free slot 2455. At the next free slot 245, the
fifth both 125 sends a communication (e.g., in the form of a
ping) and joins the swarm 105.

[0121] A subsequent (fourth) planning phase 205¢, deci-
sion phase 210c¢, and operation phase 215¢ is executed with
the fifth bot 125 in the swarm 125 as a bot 125 in the role
of tag T2. Yet another subsequent (fifth) planning phase
205d, decision phase 210d, and operation phase 215d is
executed with all five bots 125 as shown in FIG. 10C. This
example shows five cycles through the schedule 100. In
other examples, the scheduler 360 of the bot 125 in the role
of the top tag T1 establishes a schedule with a different
number of cycles. The number of cycles may be based on,
for example, the resources of one or more of the bots 125,
a time period, the task set 305, etc.

[0122] FIG. 10D shows the further details of the fifth
operation phase 2154 of FIG. 10C to accomplish the ranging
task. As shown in FIG. 10D, the operation phase 2154
includes five slots including, for example, first ranging slot
220, a second ranging slot 225, a third ranging slot 230, a
fourth ranging slot 232, and a fifth ranging slot 234. Thus,
the scheduler 360 of the bot 125 in the role of the top-tag T1
has established the five-slot operation phase 215.

[0123] During the first ranging slot 220, the bot 125 in the
role of the top-tag T1 (or simply T) communicates a message
that is received directly and/or indirectly (e.g., via cascade
or chain of communications) to the other bots 125 in the
swarm 105. During the second ranging slot 225, the bot 125
in the role of the anchor A1 communicates a message that is
received directly and/or indirectly (e.g., via cascade or chain
of communications) to the other bots 125 in the swarm 105.
During the third ranging slot 230, the bot 125 in the role of
the anchor A2 communicates a message that is received
directly and/or indirectly (e.g., via cascade or chain of
communications) to the other bots 125 in the swarm 105.
During the fourth ranging slot 232, the bot 125 in the role of
the mirror M communicates a message that is received
directly and/or indirectly (e.g., via cascade or chain of
communications) to the other bots 125 in the swarm 105.
During the fifth ranging slot 234, the bot 125 in the role of
the tag T2 communicates a message that is received directly
and/or indirectly (e.g., via cascade or chain of communica-
tions) to the other bots 125 in the swarm 105. During the
second slot 225, the third slot 230, and the fourth slot 232,
the bots 125 in the roles of anchors A1, A2 and mirror M
participate in the activities of the operation phase 2154 to
carry out the mission of the swarm 105, which in this
example is a ranging mission. Thus, in this example, the bots
125 in the role of the anchors A1, A2 and mirror M operate
as anchors and prepare the planning messages disclosed
above and operate as tags to perform, in this example,
ranging operations.

[0124] In the ranging operations, data is gathered regard-
ing when a communication is sent from a bot 125 and when
it is received at another bot 125. The communications are
mirrored one or more times to account for clock drifts. The
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data is used to calculate distances. With sufficient data,
positions can be calculated. Data regarding the positions of
members of the swarm 105 is useful for effecting the task set
305. Furthermore, geographic data (e.g., how much area is
covered, location data, GPS data, etc.) may be used by the
swarm to avoid searching same area and for greater swarm
coordination.

[0125] FIG. 11 shows an alternative operation phase 1105
that includes a two-way ranging slot 1110 and a time
difference on arrival slot (TDOA) 1115. The example of
FIG. 11 can be used in examples with four bots 125. FIG. 12
shows yet another alternative operation phase 1205 that
includes a ranging slot 1210, and three tag slots 1215, 1220,
1225 after additional bots 125 were added to the swarm.

[0126] Though FIGS. 10D, 11, and 12 show example
implementations with a ranging task that is implemented in
the operation phase 215, the swarm coordination systems,
apparatus, and methods disclosed herein can be imple-
mented with any desired operation phase 215.

[0127] FIG. 13 is a block diagram of an example processor
platform 500 structured to execute the instructions of FIGS.
9A-D to implement the example bot 125 of FIGS. 1, 3, 4, 6,
7A-F, and 8. The processor platform 1300 can be, for
example, a server, a personal computer, a workstation, a
self-learning machine (e.g., a neural network), a mobile
device (e.g., a cell phone, a smart phone, a tablet such as an
iPad), a personal digital assistant (PDA), an Internet appli-
ance, a DVD player, a CD player, a digital video recorder,
a Blu-ray player, a gaming console, a personal video
recorder, a headset or other wearable device, or any other
type of computing device.

[0128] The processor platform 1300 of the illustrated
example includes a processor 1312. The processor 1312 of
the illustrated example is hardware. For example, the pro-
cessor 1312 can be implemented by one or more integrated
circuits, logic circuits, microprocessors, GPUs, DSPs, or
controllers from any desired family or manufacturer. The
hardware processor may be a semiconductor based (e.g.,
silicon based) device. In this example, the processor 1312
implements one or more of or at least a portion of one or
more of the example motor controller 315, the example
sensors 340, the example requestor 345, the example clock
350, the example analyzer 355, the example scheduler 360,
the example authenticator 365, the example counter 370, the
example synchronizer 375, the example power switch 380,
and/or the example processor 385.

[0129] The processor 1312 of the illustrated example
includes a local memory 1313 (e.g., a cache). The processor
1312 of the illustrated example is in communication with a
main memory including a volatile memory 1314 and a
non-volatile memory 1316 via a bus 1318. The volatile
memory 1314 may be implemented by Synchronous
Dynamic Random Access Memory (SDRAM), Dynamic
Random Access Memory (DRAM), RAMBUS® Dynamic
Random Access Memory (RDRAM®) and/or any other type
of random access memory device. The non-volatile memory
1316 may be implemented by flash memory and/or any other
desired type of memory device. Access to the main memory
1314, 1316 is controlled by a memory controller.

[0130] The processor platform 1300 of the illustrated
example also includes an interface circuit 1320. The inter-
face circuit 1320 may be implemented by any type of
interface standard, such as an Ethernet interface, a universal
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serial bus (USB), a Bluetooth® interface, a near field
communication (NFC) interface, and/or a PCI express inter-
face.

[0131] In the illustrated example, one or more input
devices 1322 are connected to the interface circuit 1320. The
input device(s) 1322 permit(s) a user to enter data and/or
commands into the processor 1312. The input device(s) can
be implemented by, for example, an audio sensor, a micro-
phone, a camera (still or video), a keyboard, a button, a
mouse, a touchscreen, a track-pad, a trackball, isopoint
and/or a voice recognition system.

[0132] One or more output devices 1324 are also con-
nected to the interface circuit 1320 of the illustrated
example. The output devices 624 can be implemented, for
example, by display devices (e.g., a light emitting diode
(LED), an organic light emitting diode (OLED), a liquid
crystal display (LCD), a cathode ray tube display (CRT), an
in-place switching (IPS) display, a touchscreen, etc.), a
tactile output device, a printer and/or speaker. The interface
circuit 1320 of the illustrated example, thus, typically
includes a graphics driver card, a graphics driver chip and/or
a graphics driver processor.

[0133] The interface circuit 1320 of the illustrated
example also includes a communication device such as a
transmitter, a receiver, a transceiver, a modem, a residential
gateway, a wireless access point, and/or a network interface
to facilitate exchange of data with external machines (e.g.,
computing devices of any kind) via a network 1326. The
communication can be via, for example, an Ethernet con-
nection, a digital subscriber line (DSL) connection, a tele-
phone line connection, a coaxial cable system, a satellite
system, a line-of-site wireless system, a cellular telephone
system, etc.

[0134] The processor platform 1300 of the illustrated
example also includes one or more mass storage devices
1328 for storing software and/or data. Examples of such
mass storage devices 1328 include floppy disk drives, hard
drive disks, compact disk drives, Blu-ray disk drives, redun-
dant array of independent disks (RAID) systems, and digital
versatile disk (DVD) drives.

[0135] The machine executable instructions 205, 1332 of
FIG. 3 may be stored in the mass storage device 1328, in the
volatile memory 1314, in the non-volatile memory 1316,
and/or on a removable non-transitory computer readable
storage medium such as a CD or DVD.

[0136] From the foregoing, it will be appreciated that
example methods, apparatus and articles of manufacture
have been disclosed for a generic robot swarm coordination
that can be used to coordinate swarms of bots with emergent
behaviors for any desired operational implementation such
as, for example, surveillance, search and rescue, mapping,
ranging, farming, firefighting etc. Prior solutions required a
different coordination scheme for different operational
implementations. The onus of creating multiple coordination
schemes increases complexity of the systems and, particu-
larly to meet real time requirements. In addition, a plurality
of swarm coordination schemes and need for continual
development has high maintenance costs and typically
results in overly complex coordination schemes.

[0137] Example methods, apparatus, systems and articles
of manufacture for robot swarm propagation using virtual
partitions are disclosed herein. Different aspects of the
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examples disclosed herein can be combined in other
examples. Further examples and combinations thereof
include the following.

[0138] Example 1 is a system to coordinate a swarm of
bots. The system of Example 1 includes an analyzer to create
a planning message based on data associated with a first bot
and a second bot, the planning message to be communicated
to the swarm from a first source. In addition, the system of
Example 1 includes a scheduler to issue a first assignment of
a first operation slot and a first role to the first bot based on
the planning message, issue a second assignment of a second
operation slot and a second role to the second bot based on
the planning message, and create a decision message includ-
ing the first assignment and the second assignment, the
decision message to be communicated to the swarm from a
second source different than the first source.

[0139] Example 2 includes the apparatus of Example 1,
wherein the wherein the scheduler is to assign the first role
an anchor role based on an order in which the first bot
requested to join the swarm.

[0140] Example 3 includes the system of Example 2,
wherein in the anchor role, the analyzer is to create the
planning message based one or more of a prior execution of
the first role, a prior execution of the second role, a first
range of the first bot, or a second range of the second bot.
[0141] Example 4 includes the system of Example 1,
wherein the scheduler is to communicate the decision mes-
sage after issuing a threshold number of assignments.
[0142] Example 5 includes the system of Example 1,
wherein the first bot is powered on during the first time slot
and the first bot is in a low power mode during the second
time slot.

[0143] Example 6 includes the system of Example 5,
wherein the first bot is to receive communication during the
second time slot.

[0144] Example 7 includes the system of Example 1,
wherein the first bot uses a first communication protocol and
the second bot uses a second communication protocol dif-
ferent from the first communication protocol.

[0145] Example 8 includes the system of Example 1,
wherein the first role is based on a location of the first bot.
[0146] Example 9 includes the system of Example 1,
wherein the first source includes a first transceiver and the
second source includes a second transceiver.

[0147] Example 10 includes the system of Example 9,
wherein the second transceiver is to receive a request to join
the swarm from a third bot, and the scheduler is to process
the request to join after the second operation slot.

[0148] Example 11 includes the system of Example 10,
wherein after the request to join, the scheduler is to reissue
the first assignment to a first one of the first bot, the second
bot, or the third bot; reissue the second assignment to a
second one of the first bot, the second bot, or the third bot;
and issue a third assignment of a third operation slot and a
third role to a third of the first bot, the second bot, or the third
bot.

[0149] Example 12 includes the system of any of
Examples 1-11, wherein the scheduler is to issue the first
assignment and the second assignment after a threshold
amount of time from receipt by the second transceiver of a
prior decision message.

[0150] Example 13 is a system that includes a first bot
including means for analyzing to create a planning message
based on data associated with one or more bots in a swarm

Feb. 14,2019

of bots. The system of Example 13 also includes a second
bot including means for scheduling. The means for sched-
uling are to issue a first assignment of a first operation slot
and a first role to a third bot based the planning message,
issue a second assignment of a second operation slot and a
second role to a fourth bot based on the planning message,
and create a decision message including the first assignment
and the second assignment. The system of Example 13 also
includes means for communicating the decision message to
the swarm.

[0151] Example 14 includes the system of Example 13,
wherein the means for communicating is to receive a request
from the first bot to join the swarm and the means for
scheduling is to assign an anchor role to the first bot based
on an order in which the first bot requested to join the
swarm.

[0152] Example 15 includes the system of Example 14,
wherein in the anchor role, the means for analyzing is to
create the planning message based one or more of a prior
execution of the first role, a prior execution of the second
role, a first range of the third bot, or a second range of the
fourth bot.

[0153] Example 16 includes the system of Example 13,
wherein the means for scheduling is to broadcast the deci-
sion message after issuing a threshold number of assign-
ments.

[0154] Example 17 includes the system of Example 13,
wherein the third bot is powered on during the first time slot
and the third bot is in a low power mode during the second
time slot.

[0155] Example 18 includes the system of Example 17,
wherein the third bot is to receive communication during the
second time slot.

[0156] Example 19 includes the system of Example 13,
wherein the third bot uses a first communication protocol
and the fourth bot uses a second communication protocol
different from the first communication protocol.

[0157] Example 20 includes the system of Example 13,
wherein the first role is based on a location of the third bot.
[0158] Example 21 includes the system of Example 13,
wherein the means for communicating is to receive a request
to join the swarm from a fifth bot, and the means for
scheduling is to process the request to join after the second
operation slot.

[0159] Example 22 includes the system of Example 21,
wherein after the request to join, the means for scheduling
is to: reissue the first assignment to a first one of the first bot,
the second bot, the third bot, the fourth bot, or the fifth bot;
reissue the second assignment to a second one of the first
bot, the second bot, the third bot, the fourth bot, or the fifth
bot; and issue a third assignment of a third operation slot and
a third role to a third of the first bot, the second bot, the third
bot, the fourth bot, or the fifth bot.

[0160] Example 23 includes the system of any of
Examples 13-22, wherein the means for scheduling is to
issue the first assignment and the second assignment after a
threshold amount of time from receipt by the communica-
tion means of a prior decision message from a different bot.
[0161] Example 24 is a non-transitory computer readable
storage medium comprising computer readable instructions
that, when executed, cause one or more processors to at least
create a planning message based on data associated with a
first bot and a second bot and communicate the planning
message to a swarm of bots from a first source. The
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instructions of Example 24 also cause the machine to issue
a first assignment of a first operation slot and a first role to
the first bot based on the planning message. The instructions
of Example 24 also cause the machine to issue a second
assignment of a second operation slot and a second role to
the second bot based on the planning message. In addition,
the instructions of Example 24 cause the machine to create
a decision message including the first assignment and the
second assignment and communicate the decision message
to the swarm from a second source different than the first
source.

[0162] Example 25 includes the medium of Example 24,
wherein the instructions further cause the machine assign the
first role an anchor role based on an order in which the first
bot requested to join the swarm.

[0163] Example 26 includes the medium of Example 24,
wherein the instructions further cause the machine to com-
municate the decision message after issuing a threshold
number of assignments.

[0164] Example 27 includes the medium of Example 24,
wherein the instructions further cause the first bot to pow-
ered on during the first time slot and to enter a low power
mode during the second time slot.

[0165] Example 28 includes the medium of Example 27,
wherein the instructions further cause the first bot is to
receive communication during the second time slot.

[0166] Example 29 includes the medium of Example 24,
wherein the first bot uses a first communication protocol and
the second bot uses a second communication protocol dif-
ferent from the first communication protocol.

[0167] Example 30 includes the medium of Example 24,
wherein the first role is based on a location of the first bot.
[0168] Example 31 includes the medium of Example 24,
wherein the instructions further cause the machine to receive
a request to join the swarm from a third bot and process the
request to join after the second operation slot.

[0169] Example 32 includes the medium of Example 31,
wherein after the request to join, the instructions further
cause the machine to: reissue the first assignment to a first
one of the first bot, the second bot, or the third bot; reissue
the second assignment to a second one of the first bot, the
second bot, or the third bot; and issue a third assignment of
athird operation slot and a third role to a third of the first bot,
the second bot, or the third bot.

[0170] Example 33 includes the medium of Example 24,
wherein the first source is a first transceiver and the second
source is a second transceiver.

[0171] Example 34 includes the medium of any of
Examples 24-33, wherein the machine is a first machine, and
wherein the instructions further cause the machine to issue
the first assignment and the second assignment after a
threshold amount of time from receipt by the machine of a
prior decision message from a second machine.

[0172] Example 35 is a method to coordinate a swarm of
bots. The method of Example 35 includes receiving a
request to join the swarm from a first bot and receiving a
request to join the swarm from a second bot. The method of
Example 35 also includes creating a planning message based
on data associated with the first bot and the second bot and
communicating the planning message to the swarm using a
first source, issuing a first assignment of a first operation slot
and a first role to a first bot based on the planning message,
and issuing a second assignment of a second operation slot
and a second role to a second bot based on the planning
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message. The method of Example 35 also includes creating
a decision message including the first assignment and the
second assignment and communicating the decision mes-
sage to the swarm using a second source different than the
first source.

[0173] Example 36 method of Example 35, further includ-
ing assigning the first role an anchor role based on an order
in which the first bot requested to join the swarm.

[0174] Example 37 includes the method of Example 36,
further including creating the planning message based one or
more of a prior execution of the first role, a prior execution
of the second role, a first range of the first bot, or a second
range of the second bot.

[0175] Example 38 includes the method of Example 35,
further including communicating the decision message after
issuing a threshold number of assignments.

[0176] Example 39 includes the method of Example 35,
further including powering on the first bot during the first
time slot and powering down the first bot to a low power
mode during the second time slot.

[0177] Example 40 includes the method of Example 39,
further including receiving, by the first bot, communication
during the second time slot.

[0178] Example 40 includes the method of Example 35,
further including communicating with the first bot using a
first communication protocol and communicating with the
second bot using a second communication protocol different
from the first communication protocol.

[0179] Example 42 includes the method of Example 35,
wherein the first role is based on a location of the first bot.
[0180] Example 43 includes the method of Example 35,
further including receiving a request to join the swarm from
a third bot; and processing the request to join after the
second operation slot.

[0181] Example 44 includes the method of Example 43,
further including: reissuing the first assignment to a first one
of the first bot, the second bot, or the third bot after the
request to join; reissuing the second assignment to a second
one of the first bot, the second bot, or the third bot after the
request to join; and issuing a third assignment of a third
operation slot and a third role to a third of the first bot, the
second bot, or the third bot after the request to join.
[0182] Example 45 includes the method of Example 35,
wherein the first source is a first transceiver and the second
source is a second transceiver.

[0183] Example 46 includes the method of any of
Examples 35-45, further including issuing the first assign-
ment and the second assignment after a threshold amount of
time from receipt of a prior decision message.

[0184] Although certain example methods, apparatus and
articles of manufacture have been disclosed herein, the
scope of coverage of this patent is not limited thereto. On the
contrary, this patent covers all methods, apparatus and
articles of manufacture fairly falling within the scope of the
claims of this patent.

1. A system to coordinate a swarm of bots, the system
comprising:
an analyzer to create a planning message based on data
associated with a first bot and a second bot, the plan-
ning message to be communicated to the swarm from
a first source; and
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a scheduler to:

issue a first assignment of a first operation slot and a
first role to the first bot based on the planning
message;

issue a second assignment of a second operation slot
and a second role to the second bot based on the
planning message; and

create a decision message including the first assignment
and the second assignment, the decision message to
be communicated to the swarm from a second source
different than the first source.

2. The system of claim 1, wherein the scheduler is to
assign the first role an anchor role based on an order in which
the first bot requested to join the swarm.

3. The system of claim 2, wherein in the anchor role, the
analyzer is to create the planning message based one or more
of a prior execution of the first role, a prior execution of the
second role, a first range of the first bot, or a second range
of the second bot.

4. The system of claim 1, wherein the scheduler is to
communicate the decision message after issuing a threshold
number of assignments.

5. The system of claim 1, wherein the first bot is powered
on during the first time slot and the first bot is in a low power
mode during the second time slot.

6. The system of claim 5, wherein the first bot is to receive
communication during the second time slot.

7. The system of claim 1, wherein the first bot uses a first
communication protocol and the second bot uses a second
communication protocol different from the first communi-
cation protocol.

8. The system of claim 1, wherein the first role is based
on a location of the first bot.

9. The system of claim 1, wherein the first source includes
a first transceiver and the second source includes a second
transceiver.

10. The system of claim 9, wherein the second transceiver
is to receive a request to join the swarm from a third bot, and
the scheduler is to process the request to join after the second
operation slot.

11. The system of claim 10, wherein after the request to
join, the scheduler is to:

reissue the first assignment to a first one of the first bot,
the second bot, or the third bot;

reissue the second assignment to a second one of the first
bot, the second bot, or the third bot; and

issue a third assignment of a third operation slot and a
third role to a third of the first bot, the second bot, or
the third bot.

12. The system of claim 9, wherein the scheduler is to
issue the first assignment and the second assignment after a
threshold amount of time from receipt by the second trans-
ceiver of a prior decision message.

13. A system comprising:

a first bot including means for analyzing to create a
planning message based on data associated with one or
more bots in a swarm of bots; and

a second bot including:
means for scheduling to:

issue a first assignment of a first operation slot and a
first role to a third bot based the planning message;

issue a second assignment of a second operation slot
and a second role to a fourth bot based on the
planning message; and
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create a decision message including the first assign-
ment and the second assignment; and
means for communicating the decision message to the
swarm.

14. The system of claim 13, wherein the means for
communicating is to receive a request from the first bot to
join the swarm and the means for scheduling is to assign an
anchor role to the first bot based on an order in which the
first bot requested to join the swarm.

15. The system of claim 14, wherein in the anchor role,
the means for analyzing is to create the planning message
based one or more of a prior execution of the first role, a
prior execution of the second role, a first range of the third
bot, or a second range of the fourth bot.

16. (canceled)

17. The system of claim 13, wherein the third bot is
powered on during the first time slot and the third bot is in
a low power mode during the second time slot.

18. The system of claim 17, wherein the third bot is to
receive communication during the second time slot.

19. (canceled)

20. (canceled)

21. The system of claim 13, wherein the means for
communicating is to receive a request to join the swarm
from a fifth bot, and the means for scheduling is to process
the request to join after the second operation slot.

22. The system of claim 21, wherein after the request to
join, the means for scheduling is to:

reissue the first assignment to a first one of the first bot,

the second bot, the third bot, the fourth bot, or the fifth
bot;

reissue the second assignment to a second one of the first

bot, the second bot, the third bot, the fourth bot, or the
fifth bot; and

issue a third assignment of a third operation slot and a

third role to a third of the first bot, the second bot, the
third bot, the fourth bot, or the fifth bot.

23. The system of claim 13, wherein the means for
scheduling is to issue the first assignment and the second
assignment after a threshold amount of time from receipt by
the communication means of a prior decision message from
a different bot.

24. A non-transitory computer readable storage medium
comprising computer readable instructions that, when
executed, cause one or more processors to at least:

create a planning message based on data associated with

a first bot and a second bot;

communicate the planning message to a swarm of bots

from a first source;
issue a first assignment of a first operation slot and a first
role to the first bot based on the planning message;

issue a second assignment of a second operation slot and
a second role to the second bot based on the planning
message;

create a decision message including the first assignment

and the second assignment; and

communicate the decision message to the swarm from a

second source different than the first source.

25-30. (canceled)

31. The storage medium of claim 24, wherein the instruc-
tions further cause the machine to:

to receive a request to join the swarm from a third bot; and

process the request to join after the second operation slot.
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32. The storage medium of claim 31, wherein after the

request to join, the instructions further cause the machine to:

reissue the first assignment to a first one of the first bot,
the second bot, or the third bot;

reissue the second assignment to a second one of the first

bot, the second bot, or the third bot; and

issue a third assignment of a third operation slot and a

third role to a third of the first bot, the second bot, or
the third bot.

33. (canceled)

34. The storage medium of claim 24, wherein the machine
is a first machine, and wherein the instructions further cause
the machine to issue the first assignment and the second
assignment after a threshold amount of time from receipt by
the machine of a prior decision message from a second
machine.

35. A method to coordinate a swarm of bots, the method
comprising:
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receiving a request to join the swarm from a first bot;

receiving a request to join the swarm from a second bot;

creating a planning message based on data associated with
the first bot and the second bot;

communicating the planning message to the swarm using
a first source;

issuing a first assignment of a first operation slot and a
first role to a first bot based on the planning message;

issuing a second assignment of a second operation slot
and a second role to a second bot based on the planning
message;

creating a decision message including the first assignment
and the second assignment; and

communicating the decision message to the swarm using
a second source different than the first source.

36-46. (canceled)



